Optical afterglows from two-component jets under various configurations are investigated numerically. Generally, the light curve is characterized by a rapid rebrightening when the observer is off-axis with respect to the narrow component, with the amplitude and peak time depending on detailed parameters. We further show that the optical afterglow of XRF 030723, especially its notable and rapid rebrightening, can be well explained by a typical two-component jet. This X-ray flash, together with GRB 030329, strongly hints the two-component jet model as a unified picture for X-ray flashes and gamma-ray bursts. With a narrow but ultra-relativistic inner outflow and a wide but less energetic outer ejecta, a twocomponent jet will be observed as a typical gamma-ray burst if our line of sight is within the angular scope of the narrow outflow. Otherwise, if the line of sight is within or slightly beyond the cone of the wide component, an X-ray flash will be detected.
1999; Harrison et al. 1999) . The existence of jets also sheds light on the enigmatic nature of GRBs, indicating that the births of accreting, rapidly rotating black holes might be involved. Till now, jets in GRBs have been investigated in great detail, and many important effects are revealed, such as the break in afterglow light curves (e.g., Rhoads 1999; Sari, Piran & Halpern 1999; Panaitescu & Kumar 2001; Huang & Cheng 2003) , orphan afterglows (e.g., Rhoads 1997; Granot et al. 2002; Huang, Dai, & Lu 2002) , and polarization (e.g., Gruzinov 1999; Hjorth et al. 1999; Mitra 2000; Rol et al. 2003; Coburn & Boggs 2003) . Recently it is further realized that collimated jets, when off-beamed, can also give birth to a special kind of GRBs, X-ray flashes (XRFs).
XRFs have been identified as a sub-class of GRBs only recently. They are characterized by relatively softer spectra, but with durations and temporal structures typical of most long GRBs (Frontera et al. 2000; Heise et al. 2003; Kippen et al. 2003; Barraud et al. 2003) . However, in addition to the off-beam GRB mechanism (Woods & Loeb 1999; Nakamura 1999; Yamazaki, Ioka, & Nakamura 2002 Jin & Wei 2003) , XRFs can also be produced by dirty fireballs (Dermer, Chiang, & Böttcher 1999; Zhang & Mészáros 2002b; Heise et al. 2003) , or namely failed GRBs (Huang, Dai & Lu 2002) . As the newly identified sub-class, XRFs still seem to be quite enigmatic, but can hopefully give useful hints on the nature of typical GRBs.
In the field of X-ray rich GRBs, optical afterglows were first observed from XRF 020903 (Soderberg et al. 2002) . XRF 030723 is another important event, whose optical afterglow light curve has even been satisfactorily determined. It is quite striking that the afterglow decays in a way very similar to that of typical GRBs, i.e., following a simple power-law function of time. This strongly indicates that XRFs and other long GRBs may have similar origins. However, a prominent characteristics of the optical counterpart of XRF 030723 is that it rebrightened by about one magnitude from t ∼ 11 d to t ∼ 14 d (Fynbo et al. 2003b) . Such a rapid ascending in the afterglow light curve is rare even in typical GRBs.
In this paper, we show that the behaviour of XRF 030723 can be well explained by the two-component jet model advocated by Berger et al. (2003b) . Our results suggest that both the baryon loading mechanism and the off-beam mechanism are taking effect in XRF 030723. The structure of our paper is organized as follows. The model is described briefly in § 2. We then numerically investigate the afterglow behaviour of two-component jets in § 3, presenting optical light curves under various configurations. Our fit to the optical afterglow of XRF 030723 is illustrated in § 4. § 5 is the conclusion and discussion.
Model

Two-component jet
The simplest jet model involves a homogeneous conical outflow. But in reality a jet can be complicatedly structured (Zhang, Woosley & Heger 2003a; Zhang, Woosley & MacFadyen 2003b) . In this case, it is usually assumed that the energy per unit solid angle depends as a power-law on the angular distance from the axis (Mészáros, Rees & Wijers 1998; Dai & Gou 2001; Rossi, Lazzati & Rees 2002; Zhang & Mészáros 2002a; Salmonson 2003; . Recently, our attention was drawn to a much simpler kind of structured jets, i.e., two-component jets (Berger et al. 2003b; Sheth et al. 2003) .
A two-component jet has two components: a narrow ultra-relativistic outflow and a wide but mildly relativistic ejecta. At first glance, the two-component jet model seems to be too coarse as compared with the more complicatedly structured jet model, but it strikingly gives a perfect explanation to the multi-band observations of GRB 030329. As suggested by Berger et al. (2003b) , the γ-ray and early afterglow emission of GRB 030329 come from the narrow component, while the radio and optical afterglow beyond 1.5 days should be produced by the wide component. They even derived the half opening angles of the two components as ∼ 5 o and ∼ 17 o respectively. The total intrinsic kinetic energy of these two components is perfectly consistent with the standard energy reservoir hypothesis (Frail et al. 2001; Bloom, Frail & Kulkarni 2003; Berger, Kulkarni & Frail 2003a) .
In this paper, we designate the initial half opening angle of the narrow and the wide component as θ 0,N and θ 0,W , respectively, where the subscript "N" means "narrow" and "W" means "wide". We further assume that their isotropic equivalent kinetic energies are E N,iso and E W,iso , and initial Lorentz factors are γ 0,N and γ 0,W respectively. We will model the dynamical evolution and radiation process of the two components in § 2.2, and calculate their optical afterglows numerically in §3.
Dynamics and radiation process
We assume that the two components are coaxial. To simplify the problem, the interaction and overlapping of the two components are neglected. We then can essentially calculate the dynamical evolution of the two components independently, and add their emission together to get the total afterglow light curve of the entire jet.
We use the model developed by Huang et al. (Huang, Dai, & Lu 2000a; Huang et al. 2000b ) to describe the evolution and radiation of each component. In this model, evolution of the bulk Lorentz factor is given by (Huang, Dai, & Lu 1999a, b) ,
where m is the mass of swept-up interstellar medium (ISM), M ej is the initial mass of the ejecta, and ǫ is the radiative efficiency. Equation (1) has the virtue of being applicable in both the ultra-relativistic and the non-relativistic phases (Huang et al. 1999a, b) . The lateral expansion of the outflow is described realistically by (Huang et al. 2000a, b) ,
with c
where θ is the half opening angle, c s is the co-moving sound speed, R is the radius, and γ ≈ (4γ + 1)/(3γ) is the adiabatic index. For simplicity, we assume that the ejecta is adiabatic, which means the radiative efficiency in equation (1) is ǫ ≡ 0.
Optical afterglows can be calculated by considering synchrotron radiation from shockaccelerated electrons in the outflow. In our model, we use a realistic electron distribution function that takes into account the cooling effect (Sari, Piran, & Narayan 1998) and the nonrelativistic effect (i.e., the minimum Lorentz factor of electrons, γ e,min , will be less than a few when the outflow enters the "deep Newtonian phase" (Huang & Cheng 2003) ). Additionally, the equal arrival time surface effect (Waxman 1997; Sari 1998; Panaitescu & Mészáros 1998) is also included in our consideration.
Numerical Results
We now present our numerical results for afterglows of two-component jets. For convenience, let us first define a set of "standard" parameters as following: θ 0,W = 0.3, E W,iso = 10 52 ergs, γ 0,W = 30, θ 0,N = 0.1, E N,iso = 5 × 10 53 ergs, γ 0,N = 300, ISM number density n = 1 cm −3 , electron energy ratio ǫ e = 0.1, magnetic energy ratio ǫ B = 0.01, luminosity distance D L = 2 Gpc, electron distribution index p = 2.5, and viewing angle θ obs = 0.35. These parameter values are typical in GRB afterglows. They are also consistent with those derived for GRB 030329 by Berger et al. (2003b) . A two-component jet with this standard configuration has an intrinsic kinetic energy of ∼ 1.5 × 10 51 ergs, also roughly meets the requirement of the standard energy reservoir hypothesis (Frail et al. 2001; Bloom et al. 2003; Berger et al. 2003a) . Figure 1 illustrates R-band afterglows from a two-component jet under the "standard" configuration. It also shows clearly how emission from the two components is compounded together to give out the total light curve. In the current configuration, since the line of sight is notably outside the initial angular range of the narrow component, we see that the afterglow is dominated by emission from the wide component before ∼ 10 6 s. But as the narrow component decelerates and expands laterally, its emission increases rapidly until the flux density finally comes to a peak at about ∼ 1.6×10 6 s. The total light curve is dominated by this component thereafter.
At the peak time mentioned above, the Lorentz factor of the narrow component is γ N ≈ 2.4, and its angular width is θ N ≈ 0.24. Please note that θ N is still notably less than θ obs , but the inverse of the Lorentz factor (1/γ N ≈ 0.4) is very close to θ obs . We conjecture that the peak time is roughly determined by the condition of γ N ∼ 1/θ obs . This conjecture is confirmed by our further calculations under other configurations.
Another important characteristics that deserves mentioning in Figure 1 is the rapidness of the increase of the narrow component emission before the peak point. This behaviour hints that a two-component jet can potentially explain the quick rebrightening of optical afterglows of XRF 030723.
The shape of the total optical light curve will surely be affected by the energy ratio of the two components. To illustrate the effect, we fix the isotropic equivalent energy of the wide component, but vary that of the narrow component, and calculate the afterglow emission. The results are presented in Figure 2 . Generally speaking, a more powerful narrow component can reasonably result in a more prominent peak, but with the peak time slightly postponed. From Figure 2 , we can also imagine that in some special cases, when E N,iso is not much larger than E W,iso , the peak will become anonymous so that we can observe nothing but a short plateau in the total light curve.
Another factor that affects the energy ratio of the two components is their relative angular width. In Figure 3 , we illustrate the impact of θ 0,N on the total light curve. Again, we see that a larger θ 0,N , which leads to a more powerful narrow component, makes the peak more prominent. However, unlike the effect of E N,iso (see Figure 2) , a larger θ 0,N tends to make the light curve peak slightly earlier. This in fact is not difficult to understand. Figure 4 illustrates the effect of viewing angle (θ obs ) on the light curve. When θ obs ≤ θ 0,N , the entire light curve is dominated by the narrow component emission. When θ obs > θ 0,N , the light curve is dominated by the wide component emission initially, but is dominated by emission from the narrow component at late stages. It is clear that the viewing angle affects the peak time notably. Please also note that the light curve of θ obs = 0.1 differs from that of θ obs = 0 only slightly. Similar behaviour can also be observed in the light curves of θ obs = 0.2 and θ obs = 0.3 at early stages. It means the light curves will almost be the same as long as the line of sight is within the initial angular range of the outflow, consistent with previous studies (Huang et al. 2000a ). However, the light curve difference between θ obs = 0.2 and θ obs = 0.3 at early phase is noticeably larger than that between the θ obs = 0 and θ obs = 0.1 curves, this is because the wide component is expanding with a much smaller Lorentz factor (γ 0,W = 30).
Fit to XRF 030723
XRF 030723 occurred at 06:28:17.45 UT on July 23, 2003, and was detected by the High Energy Transient Explorer-II (HETE-2) (Prigozhin et al. 2003) . The burst duration (T 90 ) in the 7 -30 keV band was ∼ 25 s, with a total fluence of ∼ 2 × 10 −7 ergs cm −2 . In contrast, its fluence in 30 -400 keV band was less than 7 × 10 −8 ergs cm −2 , which is less than 0.4 times the fluence in the 7 -30 keV band. An XRF nature thus is strongly favored by these HETE-2 observations (Prigozhin et al. 2003) .
A preliminary localization with an error radius of ∼ 30 ′ was distributed through the internet as early as 42 s later, triggering an extensive campaign searching for its afterglows in various bands. The optical counterpart was first reported by Fox et al. (2003) , and then followed by many other groups. The transient has also been detected in X-rays (Butler et al. 2003a, b) , but no radio counterpart was observed with a 3σ upper limit of 180 µJy at 8.46 GHz on July 26.42 UT (Soderberg et al. 2003) .
XRF 030723 is an important event in the studies of XRFs. For the first time the optical afterglow light curve is determined satisfactorily for an XRF. Strikingly but not unexpectedly, the optical transient decays in a way very similar to that of typical GRBs, i.e., roughly following a power-law of time, strongly indicating that XRFs and other long GRBs may have similar origins.
However, a special feature of XRF 030723 is that the optical transient rebrightened by about one magnitude from t ∼ 11 d to t ∼ 14 d (Fynbo et al. 2003b) . Such a rapid increase in the afterglow light curve (see Figure 5) is very rare even in typical GRBs. In a recent study, Dado et al. (Dado, Dar, & De Rújula 2003) have interpreted the afterglow of XRF 030723 in the frame-work of their cannonball model. They attributed the rebrightening to a hidden supernova (also see Fynbo et al. 2003b ). However, we notice that a typical type Ib/c supernova usually cannot enhance the emission so steeply.
From Figures 1 -4 we have seen that the rapid rebrightening is a general feature for two-component jets if the observer is off-center. Motivated by this phenomenon, we have tried to use a two-component jet to model the R-band light curve of XRF 030723. In Figure 5 , we illustrate our best fit, where the parameters are taken as: θ 0,W = 0.3, E W,iso = 10 52 ergs, γ 0,W = 30, θ 0,N = 0.09, E N,iso = 3 × 10 53 ergs, γ 0,N = 300, n = 1 cm −3 , ǫ e = 0.1, ǫ B = 0.01, p = 3.2, and θ obs = 0.37. Under this configuration, the total intrinsic kinetic energy is ∼ 8.3 × 10 50 ergs, consistent with the standard energy reservoir hypothesis. Since the redshift is still unknown, we arbitrarily take the luminosity distance as D L = 2.5 Gpc. Please note that the error bars of the last two observational data points are not plotted, because they are not available in the literature. But we can imagine that they might be comparable to that of the point which is just preceding them. Figure 5 shows clearly that the two-component jet model can reproduce the light curve perfectly.
In our fit, we have taken θ obs as 0.37. If we change θ obs to 0.35 or an even smaller value, then the theoretical light curve will be notably above those upper limits and flux densities (totally 6 points) obtained by ROTSE-III between t ∼ 50 s and t ∼ 2600 s (Smith et al. 2003) . This is a good example showing how the early afterglows can provide valuable clues to our understanding of the nature of GRBs.
Our results strongly suggest that XRF 030723 might be produced by a two-component jet. The central narrow component has an initial Lorentz factor typical of most GRB fireballs (i.e., ∼ 100 -1000). It can generate a GRB successfully if viewed on or near the axis. But since the observer is highly off-center, the event is finally completely undetectable. The wide component has an initial Lorentz factor of 1 ≪ γ 0,W ≪ 100. It fails to produce a typical GRB, but can give birth to an XRF (Huang et al. 2002) . This XRF is detectable even though our line of sight is slightly outside the angular range of the wide component.
It should be noted that in our model, the main burst of XRF 030723 is essentially attributed to the dirty fireball effect (Dermer et al. 1999; Huang et al. 2002) , not to the off-beam effect. The off-beam mechanism is included here mainly to meet the requirement of the early afterglow observations.
Conclusion and Discussion
Optical afterglows from two-component jets under various configurations have been investigated numerically. The light curve is generally characterized by a rapid rebrightening when the observer is off-beamed with respect to the narrow component. Depending on parameters such as θ 0,W , θ 0,N , E W,iso , E N,iso and θ obs , the amplitude and peak time of the rebrightening vary accordingly. In some special cases, when the central component is not much more powerful than the outer, wide component, the rebrightening will become so shallow that it simply manifests as a short plateau in the light curve.
XRF 030723 may play an important role in the studies of XRFs as well as GRBs. We have shown that its afterglow, especially the rapid rebrightening at t ∼ 14 d, can be well presented by the two-component jet model. XRF 030723, together with GRB 030329 (Berger et al. 2003b) , strongly hints the two-component jet model as a unified picture for XRFs and GRBs. In this frame-work, the central, narrow component has a Lorentz factor of ∼ 100 -1000, and the outer, wide component has a Lorentz factor of 1 ≪ γ 0,W ≪ 100 due to baryon loading. If the observer is within the angular range of the central component, a typical GRB will be observed. Otherwise, if the observer is within or slightly beyond the scale of the wide component, an XRF or an X-ray rich GRB will be detected. Additionally, since the wide component is a highly decelerated outflow and has been affected seriously by circum-engine baryons, we can imagine that it will lose its memory of the central engine so that the XRF emission should be produced mainly by external shocks. Of course, strong variability is still possible in the XRF light curve, since the condition of the wide component as well as its environment may be very complicated in reality.
Recently it has been realized that the homogeneous jet assumption is only a coarse approach to the outflows in GRBs. Structured jets, which find support in numerical simulations of massive star collapse (Zhang et al. 2003a, b) , are receiving more and more attention. The two-component jet is the simplest form of a structured jet. In a recent study, Zhang et al. (2003a) found that when an ultra-relativistic jet breaks out from a massive Wolf-Rayet star, it is usually surrounded by a cocoon of less energetic, but still highly relativistic ejecta. Thus although the two-component jet model still seems to be too simple, it in fact is supported by numerical simulations. It is very interesting that Zhang et al. (2003a) also noted that these cocoons may give birth to XRFs.
The rapid rebrightening of XRF 030723 should not be due to a hidden supernova. We have interpreted the rebrightening as evidence for the existence of a narrow component in a wider ejecta. But it deserves mentioning that a density-jump, i.e., an abrupt increase in the ISM density, can also give birth to a rapid rebrightening Lazzati et al. 2002) . In this case, we expect that a simultaneous decrease in radio brightness could be seen since self-absorption will be enhanced in a denser environment. Lacking an ideal coverage and multi-band observations between t ∼ 11 d and t ∼ 14 d, the density-jump interpretation for XRF 030723 still cannot be excluded currently. In the future, when afterglows are observed from more and more XRFs, the two interpretations can then be tested in more details.
Finally, since two-component jets are most likely produced in massive star collapses, we predict that XRF 030723 should be accompanied by a supernova. Wu et al. (2003) pointed out that the supernova component usually peaks at about ∼ (1+z)×15 d in the optical light curve of typical GRBs, where 15 d is approximately the peak time of a type Ic supernova in its comoving frame. Since the redshift of XRF 030723 is not large (z < 2.1, Fynbo et al. 2003a) , we expect that the supernova component should appear ∼ 20 -40 days after the trigger. A search for such a supernova component should deserve trying, because XRF 030723 may not be unacceptably far away. (Prigozhin et al. 2003; Fox et al. 2003; Dullighan et al. 2003a, b; Bond 2003; Smith et al. 2003; Fynbo et al. 2003b) . Note that the error bars of the last two points are not plotted, since they are not available in the literature.
